Background {#Sec1}
==========

Traumatic brain injury (TBI) is a global health issue that has become significantly more prominent over the past two decades, with the prevalence rate increasing by 8.4% between 1990 and 2016 \[[@CR1]\]. TBI is defined as a disruption of normal brain function caused by an external mechanical force impacting the head \[[@CR2]\]. The leading causes of TBI include falls, being struck by or striking an object, and traffic accidents \[[@CR3]\]. Patients suffering from TBI can be divided into three categories according to the Glasgow Coma Scale (GCS). A GCS score of 3\~8 is categorized as severe TBI; 9\~12 is moderate and 13\~15 is mild TBI (mTBI) \[[@CR4]\]. Approximately 80\~90% of TBI patients are diagnosed with mTBI, and most recover quickly without any treatment. However, a significant minority of patients experience persistent symptoms, which can affect the quality of life \[[@CR5]\]. The most common symptoms accompanying mTBI include dizziness, depression, anxiety, and sleep disturbances \[[@CR6], [@CR7]\]. These symptoms negatively impact long-term outcomes of mTBI and subsequently increase social and economic burdens \[[@CR8]--[@CR11]\]. Therefore, the identification of crucial factors that influence risk and prognosis of mTBI is urgently needed.

Genetic variations are among the most important determinants of the pathophysiology of brain injury. Dretsch et al. reported that soldiers carrying the brain-derived neurotrophic factor (*BDNF*) Met/Met genotype had a higher incidence of mTBI compared to non-Met/Met carriers \[[@CR12]\]. In a prospective cohort study, interleukin-6 receptor (*IL-6R*) and apolipoprotein E (*APOE*) variants were significantly associated with the risk of concussion among 1056 college athletes \[[@CR13]\]. A relationship between *TAU* variants and concussion history was also reported in rugby union players \[[@CR14]\]. In addition, the effects of genetic variation on the prognosis and clinical outcomes of mTBI were widely described \[[@CR15], [@CR16]\].

Insulin-like growth factor 1 (IGF-1) is an important pleiotropic hormone that is involved in various physiological functions. IGF-1 exhibits both neuroprotective and neuroreparative effects following brain injury \[[@CR17], [@CR18]\]. Decreased serum IGF-1 levels were reported in TBI patients \[[@CR19], [@CR20]\], and in animal studies, circulating IGF-1 was correlated with brain injury-induced cognitive dysfunction and anxiety behaviors \[[@CR21], [@CR22]\]. Furthermore, changes in *IGF-1* expression in local brain regions were reported during the acute phase following brain injury \[[@CR23]--[@CR25]\]. Thus, accumulating evidence suggests that IGF-1 plays important roles in the pathophysiology and recovery of brain injury. However, the roles of *IGF-1* variants in mTBI patients have not yet been investigated.

This clinical study attempted to elucidate the effects of *IGF-1* variants on the susceptibility and neuropsychiatric symptoms of mTBI. Based on 176 recruited mTBI patients and 1517 controls from the Taiwan Biobank (TWB) project \[[@CR26]\], we compared the genotypic distributions of selected *IGF-1* single nucleotide polymorphisms (SNPs) in mTBI patients and controls. Then, we analyzed associations of these SNPs with the four most common neuropsychiatric symptoms accompanying mTBI: anxiety, depression, dizziness, and sleep disturbances. Further analyses were conducted to explore the SNPs-sex interaction effects on these neuropsychiatric symptoms. In addition, we evaluated the expression levels of *IGF-1* across brain regions, *cis*-expression quantitative trait loci (*cis*-eQTL) and potential functions of the identified SNPs using bioinformatics databases.

Methods {#Sec2}
=======

Participant recruitment {#Sec3}
-----------------------

Patients diagnosed with mTBI in an emergency department (ED) were recruited from three Taipei Medical University (TMU)-affiliated hospitals, including TMU Hospital, Wan Fang Hospital, and Shuang Ho Hospital. The inclusion criteria were that mTBI patients be aged at least 20 years, had an accelerated or decelerated closed injury to the head, and presented to the ED within 6 h of onset of symptoms. The exclusion criteria were as follows: (a) a history of significant ear surgery; (b) a penetrating head injury; (c) pregnancy; (d) a history of dementia or mental disorder; (e) a uremia, liver cirrhosis, heart failure, pulmonary edema, coagulopathy or renal dysfunction; (f) ischemic or hemorrhagic stroke; (g) with an in vivo magnetic implant or pacemaker; and (h) the patient had either died or had already received cardiopulmonary resuscitation before arrival at the ED. Patients with a brain injury caused by abuse or assault were also excluded from the analysis. In addition, the 1517 community-based subjects from the Taiwan Biobank (TWB) were used as our controls. The TWB aims to build a nationwide research database by creating large-scale community-based and hospital-based cohorts in the Taiwanese population \[[@CR26]\].

Study procedures {#Sec4}
----------------

The mTBI patients were assessed by an emergency medicine specialist. Blood samples and self-reported questionnaires were collected from each patient by a well-trained study nurse in the first week after the mTBI. For the TWB controls, summarized genotype frequency data for each SNP using next-generation sequencing are accessible through Taiwan View (<https://taiwanview.twbiobank.org.tw/index>). This protocol was approved by the TMU-Joint Institutional Review Board (TMU-JIRB) (nos.: P980803 and 201003008), and written informed consent was received from each mTBI patient.

Self-reported questionnaires {#Sec5}
----------------------------

### Beck anxiety inventory (BAI) {#Sec6}

The BAI is a 21-item self-reported questionnaire that measures the severity of anxiety symptoms. Each item is rated on a 4-point scale from 0 (not at all) to 3 (severely). The total score ranges 0\~63, with 0\~7 indicating none or minimal, 8\~15 mild, 16\~25 moderate, and 26\~63 severe anxiety. A cutoff score of the BAI of \> 7 was used to indicate anxiety symptoms \[[@CR27]\].

### Beck depression inventory (BDI) {#Sec7}

The BDI is a 21-item self-reported questionnaire that evaluates the cognitive, behavioral, and physiological symptoms associated with depression. Each item is rated on a 4-point scale from 0 (not depressed) to 3 (severely depressed). The total score ranges 0\~63, with 0\~9 indicating normal, 10\~18 mild, 19\~29 moderate, and 30\~63 severe depression. A cutoff score of the BDI of \> 9 was used to indicate the presence of depressive symptoms \[[@CR28]\].

### Dizziness handicap inventory (DHI) {#Sec8}

The DHI is a 25-item self-reported questionnaire to assess the impacts of dizziness on a subject's quality of life. The DHI has three sub-domains representing functional, emotional, and physical aspects. Each item has three response levels that contribute to the total score which ranges 0\~100. A total score of 0\~30 indicates a mild, 31\~60 a moderate, and 61\~100 a severe handicap. A cutoff score of the DHI of \> 30 was used to define dizziness-related impairment \[[@CR29]\].

### Pittsburgh sleep quality index (PSQI) {#Sec9}

The PSQI is a 19-item self-reported questionnaire that consists of seven domains: sleep quality, sleep latency, sleep duration, sleep efficiency, sleep disturbances, use of sleep medication, and daytime dysfunction. Each domain is scored from 0 (no difficulty) to 3 (severe difficulty). The total score ranges 0\~21, with a higher score indicating worse sleep quality. A cutoff score of the PSQI of \> 8 was chosen to indicate sleep problems \[[@CR30], [@CR31]\].

Assay of IGF-1 {#Sec10}
--------------

Blood samples were collected from mTBI patients. A radioimmunoassay (RIA) with an IGF-1-RIA-CT (KIP1588) Kit (DIAsource, ImmunoAssays SA, Nivelles, Belgium) was used to verify serum IGF-1 levels of patients in the first week following their brain injury \[[@CR32]\].

DNA extraction {#Sec11}
--------------

DNA was extracted from peripheral blood samples of recruited mTBI patients. Blood cells were first treated with 0.5% sodium dodecyl sulfate (SDS) lysis buffer, and then a proteinase K solution (1 mg/mL) was applied for 4 h at 60 °C to digest nuclear proteins. Total DNA was harvested using a Gentra extraction kit (Qiagen, Valencia, CA, USA) followed by 70% alcohol precipitation.

Genotyping of IGF-1 {#Sec12}
-------------------

Five tagging SNPs of *IGF-1* with a minimum allele frequency (MAF) of \> 10% were selected from the HapMap Han Chinese database (<http://www.hapmap.org/>) (Fig. [1](#Fig1){ref-type="fig"}). Characteristics of these SNPs are shown in Additional file [1](#MOESM1){ref-type="media"}: Table S1. The *IGF-1* SNPs were genotyped using a TaqMan Allelic Discrimination Assay (Applied Biosystems, Foster City, CA, USA). A polymerase chain reaction (PCR) used a 96-well microplate with an ABI 9700 Thermal Cycler (Applied Biosystems). Thermal cycle conditions of the PCR were as follows: denaturing at 95 °C for 10 min, followed by 40 cycles of denaturing at 95 °C for 15 s, and annealing and extension at 60 °C for 1 min. StepOne software (vers. 2.2.2, Applied Biosystems) was used to detect and analyze the fluorescence intensity. Fig. 1Graphical overview of the genotyped *IGF-1* gene

Functional annotation data query {#Sec13}
--------------------------------

We queried the tissue-specific expression quantitative trait loci (eQTL) from the GTEx Portal (<http://www.gtexportal.org/home/>) to evaluate correlations between the SNPs and gene expression profiles \[[@CR33]\]. To further assess possible functions of SNPs, bioinformatics databases, including dbSNP, HaploReg V4.1, and RegulomeDB were used to search for the identified SNPs \[[@CR34]--[@CR36]\].

Claims data from longitudinal health insurance database 2005 (LHID2005) {#Sec14}
-----------------------------------------------------------------------

The data were retrieved from LHID2005 to evaluate the consequent risk of neuropsychiatric symptoms after mTBI in the Taiwanese population. The LHID2005 is a subset that contains one million beneficiaries of the National Health Insurance (NHI) program randomly sampled from the NHI Research Database (NHIRD) in 2005. The mTBI cohort included adults who had a newly diagnosed mTBI identified by ICD-9-CM codes: "skull fracture" (800.0, 800.5, 801.0, 801.5, 803.0, 803.5, 804.0, 804.5), "concussion" (850.0, 850.1, 850.5, 850.9), "intracranial injury of unspecified nature" (854.0), and "head injury, unspecified" (959.01) during 2010. An age- and sex-matched non-mTBI cohort was randomly selected from the remaining participants of the LHID2005. The date of initial diagnosis with mTBI was assigned as the index date. A new diagnosis of anxiety (ICD-9-CM 300), depression (ICD-9-CM 296.\*, 300.4, 311), dizziness (ICD-9-CM 780.4), and sleep disorders (ICD-9-CM 780.51, 780.53, 780.57, 307.4, 327.23) during the year following index date were recorded. This protocol was approved by the TMU-JIRB (no.: 201309033).

RNA sequencing (RNA-seq) data from aging, dementia and TBI study {#Sec15}
----------------------------------------------------------------

The available datasets from Aging, Dementia and TBI Study were used to assess the correlation between brain *IGF-1* expression levels and Alzheimer's disease (AD) among individuals with mild-moderate TBI exposure. The Aging, Dementia and TBI study includes 377 autopsy samples collected from the temporal neocortex (TCx), parietal neocortex (PCx), parietal white matter (FWM), and hippocampus (HIP) of 107 aged brain donors from the Adult Changes in Thought (ACT) study \[[@CR37]\]. The RNA integrity number (RIN) corrected, TbT-normalized RNA-seq data was downloaded through the Gene Expression Omnibus (GEO) database (GSE104687). The de-identified clinical metadata was obtained from the Aging, Dementia and TBI Study website (<http://aging.brain-map.org/>).

Statistical analysis {#Sec16}
--------------------

R 3.2.0 (<http://www.r-project.org/;> <http://cran.r-project.org/>) was used for all statistical analyses. Continuous normally and non-normally distributed variables were respectively presented as the mean ± standard deviation (SD) and median \[interquartile range\]. Categorical variables were presented as the number (%). The genotypic distributions were assessed for Hardy-Weinberg equilibrium (HWE) using a χ2 goodness-of-fit test. Cochran-Armitage test was used to evaluate differences in genotypic distributions between mTBI patients and controls. A logistic regression under the additive model was performed to estimate associations of SNPs with each phenotype. Age and sex were included as covariates in the regression model. Multiple testing correction was carried out using the Bonferroni correction, and *p*-values of \< 0.05 were considered statistically significant. The SNP-sex interaction analysis was performed by adding SNP-by-sex interaction term in the regression model. A chi-square test and two-sample t-test were used respectively to assess the data from LHID2005 and Aging, Dementia and TBI Study.

Results {#Sec17}
=======

Participant characteristics {#Sec18}
---------------------------

In a nationwide population-based analysis, mTBI cohort showed a higher proportion of developing neuropsychiatric symptoms than non-mTBI cohort during the one-year follow-up period (Additional file [1](#MOESM1){ref-type="media"}: Figure S1). To elucidate whether the *IGF-1* variation is a potential contributing factor, 176 mTBI patients were recruited. Demographic characteristics were summarized in Table [1](#Tab1){ref-type="table"}. The mean age was 39 (range 20\~83) years. Females accounted for 68.8% of the total recruited patients. The main causes of injury were transportation accidents (54.5%) and falls (30.1%). Meanwhile, 1517 subjects from a community-based cohort of the TWB were used as controls in our study. The mean age of controls was 49.5 (range 30\~70) years. Females accounted for 49.7%. Most control subjects were recruited from northern and southern Taiwan (Northern: 38.2%, Central: 18.0%, Southern: 42.5%, and Eastern: 1.3%). In the control group, the genotype frequency of each SNP was obtained for analysis. Table 1Basal characteristics of patients with mild traumatic brain injury (mTBI)CharacteristicsPatients with mTBINumber of subjects176Gender: Female, no. (%)121 (68.8)Age (years)^a^38.80 ± 14.32 Range20\~83Cause of injury, no. (%) Transportation accidents96 (54.5) Falls53 (30.1) Other27 (15.3)GCS^b^15 \[15\~15\]GOSE^b^7 \[6\~8\]BAI^b^6 \[2\~12\]BDI^b^7 \[2\~12\]DHI^b^23 \[6\~40\]PSQI^b^6 \[5\~9\]Serum IGF-1 (ng/mL)^a^165.80 ± 77.21^a^mean ± standard deviation. ^b^median \[interquartile range\]. *GCS* Glasgow Coma Scale, *GOSE* Extended Glasgow Outcome Scale, *BAI* Beck Anxiety Inventory, *BDI* Beck Depression Inventory, *DHI* Dizziness Handicap Inventory, *PSQI* Pittsburgh Sleep Quality Index, *IGF-1* Insulin-like growth factor 1

Associations between *IGF-1* variants and mTBI susceptibility {#Sec19}
-------------------------------------------------------------

We first compared the genotypic distribution of each SNP between mTBI patients and TWB controls. As shown in Table [2](#Tab2){ref-type="table"}, a significant difference in the distribution of rs7136446 was found between the two groups even after multiple testing correction (*p* = 0.008, Bonferroni = 0.040). The C allele of rs7136446 was over-represented in the case group compared to the community-based control group. In addition, rs972936 showed a borderline level of statistical significance (*p* = 0.053, Bonferroni = 0.265). A higher proportion of the T allele of rs972936 was found in mTBI cases compared to the controls. Table 2Association of insulin-like growth factor 1 (*IGF-1)* variants with susceptibility to mild traumatic brain injury (mTBI)SNPGenotypemTBI patients (*n* = 176)TWB controls (*n* = 1517)Cochran-Armitage test*p-value*Bonferronirs35767GG75 (42.9)601 (41.1)0.9641.000GA78 (44.6)698 (47.8)AA22 (12.6)162 (11.1)rs5742612AA78 (44.8)752 (49.6)0.1930.965AG78 (44.8)635 (41.9)GG18 (10.3)128 (8.4)rs7136446TT107 (60.8)1049 (69.2)0.008\*\*0.040\*TC59 (33.5)426 (28.1)CC10 (5.7)41 (2.7)rs972936CC44 (25.1)467 (30.8)0.0530.265CT88 (50.3)754 (49.8)TT43 (24.6)294 (19.4)rs2072592CC88 (50.9)795 (52.4)0.8181.000CT72 (41.6)601 (39.6)TT13 (7.5)120 (7.9)\*indicates *p* \< 0.05, \*\*indicates *p* \< 0.01

Associations between *IGF-1* variants and emotional symptoms following mTBI {#Sec20}
---------------------------------------------------------------------------

BAI and BDI scores were respectively used to evaluate anxiety and depressive symptoms. As shown in Table [3](#Tab3){ref-type="table"}, rs972936 showed an association with the BAI score. Patients carrying the T allele had a higher BAI score than that with the C allele. However, significance was not retained after multiple testing correction (*p* = 0.049, Bonferroni = 0.980). In our analysis, there was no significant association between *IGF-1* variants and BDI scores (Table [4](#Tab4){ref-type="table"}). Table 3Beck Anxiety Inventory (BAI) scores among mild traumatic brain injury (mTBI) patients stratified by different insulin-like growth factor 1 (*IGF-1*) genotypesSNPGenotypeBAI scoreOR (95% CI)Additive model^a^BAI ≤7BAI \> 7*p-*valueBonferronirs35767GG44 (43.6)28 (40.0)1.12 (0.71--1.76)0.6261.000GA44 (43.6)33 (47.1)AA13 (12.9)9 (12.9)rs5742612AA47 (46.1)28 (41.2)1.22 (0.76--1.97)0.4011.000AG45 (44.1)32 (47.1)GG10 (9.8)8 (11.8)rs7136446TT67 (65.7)37 (52.9)1.48 (0.89--2.47)0.1291.000TC30 (29.4)28 (40.0)CC5 (4.9)5 (7.1)rs972936CC30 (29.7)13 (18.6)1.56 (1.00--2.43)0.049\*0.980CT50 (49.5)35 (50.0)TT21 (20.8)22 (31.4)rs2072592CC52 (52.0)34 (49.3)1.21 (0.74--1.98)0.4481.000CT42 (42.0)28 (40.6)TT6 (6.0)7 (10.1)^a^Adjusted for sex and age. \*indicates *p* \< 0.05. *OR* Odds ratio, *CI* Confidence interval Table 4Beck Depression Inventory (BDI) scores among mild traumatic brain injury (mTBI) patients stratified by different insulin-like growth factor 1 (*IGF-1*) genotypesSNPGenotypeBDI scoreOR (95% CI)Additive model^a^BDI ≤9BDI \> 9*p-*valueBonferronirs35767GG50 (43.1)23 (41.1)1.11 (0.70--1.78)0.6551.000GA52 (44.8)25 (44.6)AA14 (12.1)8 (14.3)rs5742612AA51 (44.0)25 (45.5)1.06 (0.65--1.73)0.8121.000AG54 (46.6)23 (41.8)GG11 (9.5)7 (12.7)rs7136446TT73 (62.4)32 (57.1)1.13 (0.67--1.90)0.6561.000TC37 (31.6)21 (37.5)CC7 (6.0)3 (5.4)rs972936CC27 (23.3)17 (30.4)0.96 (0.61--1.50)0.8551.000CT62 (53.4)23 (41.1)TT27 (23.3)16 (28.6)rs2072592CC54 (46.6)33 (61.1)0.84 (0.50--1.42)0.5071.000CT56 (48.3)14 (25.9)TT6 (5.2)7 (13.0)^a^adjusted for sex and age. *OR* Odds ratio, *CI* Confidence interval

Associations between *IGF-1* variants and dizziness following mTBI {#Sec21}
------------------------------------------------------------------

The DHI score was used to interpret the severity of dizziness symptoms, as shown in Table [5](#Tab5){ref-type="table"}. Patients carrying the C allele of rs7136446 had a higher risk of dizziness symptoms than patients carrying the T allele. The statistical significance remained consistent after multiple testing correction (*p* = 0.0004, Bonferroni = 0.008). In addition, patients carrying the T allele of rs972936 also revealed a higher risk of dizziness than those carrying the C allele (*p* = 0.008, Bonferroni = 0.160). Table 5Dizziness Handicap Inventory (DHI) scores among mild traumatic brain injury (mTBI) patients stratified by different insulin-like growth factor 1 (*IGF-1*) genotypesSNPGenotypeDHI scoreOR (95% CI)Additive model^a^DHI ≤30DHI \> 30*p-*valueBonferronirs35767GG47 (42.3)26 (43.3)0.89 (0.55--1.44)0.6341.000GA49 (44.1)29 (48.3)AA15 (13.5)5 (8.3)rs5742612AA51 (45.9)26 (43.3)0.91 (0.56--1.48)0.6951.000AG46 (41.4)31 (51.7)GG14 (12.6)3 (5.0)rs7136446TT77 (69.4)28 (45.9)2.56 (1.49--4.41)0.0004\*\*\*0.008\*\*TC32 (28.8)25 (41.0)CC2 (1.8)8 (13.1)rs972936CC33 (29.7)11 (18.3)1.85 (1.16--2.96)0.008\*\*0.160CT58 (52.3)27 (45.0)TT20 (18.0)22 (36.7)rs2072592CC55 (50.5)31 (51.7)0.91 (0.54--1.53)0.7231.000CT45 (41.3)26 (43.3)TT9 (8.3)3 (5.0)^a^Adjusted for sex and age. \*\*indicates *p* \< 0.01, \*\*\*indicates *p* \< 0.001. *OR* Odds ratio, *CI* Confidence interval

Associations between *IGF-1* variants and sleep disturbances following mTBI {#Sec22}
---------------------------------------------------------------------------

PHQI total score was used to evaluate the sleep problems of patients who had experienced an mTBI. In the present analysis, we found no statistically significant association between *IGF-1* variants and the PHQI total score (Table [6](#Tab6){ref-type="table"}). Table 6Pittsburgh Sleep Quality Index (PSQI) scores among mild traumatic brain injury (mTBI) patients stratified by different insulin-like growth factor 1 (*IGF-1*) genotypesSNPGenotypePSQI scoreOR (95% CI)Additive model^a^PSQI ≤8PSQI \> 8*p-*valueBonferronirs35767GG44 (40.4)24 (49.0)0.84 (0.50--1.41)0.5081.000GA53 (48.6)19 (38.8)AA12 (11.0)6 (12.2)rs5742612AA48 (44.0)23 (47.9)0.94 (0.55--1.60)0.8201.000AG51 (46.8)20 (41.7)GG10 (9.2)5 (10.4)rs7136446TT70 (64.2)25 (50.0)1.52 (0.88--2.60)0.1311.000TC33 (30.3)21 (42.0)CC6 (5.5)4 (8.0)rs972936CC28 (25.7)11 (22.4)1.38 (0.85--2.26)0.1911.000CT59 (54.1)22 (44.9)TT22 (20.2)16 (32.7)rs2072592CC53 (49.5)27 (55.1)0.94 (0.54--1.65)0.8391.000CT48 (44.9)18 (36.7)TT6 (5.6)4 (8.2)^a^Adjusted for sex and age. *OR* Odds ratio, *CI* Confidence interval

The sex-specific effects of *IGF-1* variants following mTBI {#Sec23}
-----------------------------------------------------------

One hundred seventy-six mTBI patients were further stratified to evaluate the sex-specific effects of *IGF-1* variants on neuropsychiatric symptoms (Additional file [1](#MOESM1){ref-type="media"}: Table S2). Patients carrying the minor alleles of rs972936 and rs7136446 showed a higher DHI score in males and females, respectively (rs972936 in males: *p* = 0.037, Bonferroni = 0.740; rs7136446 in females: *p* = 0.001, Bonferroni = 0.020) (Additional file [1](#MOESM1){ref-type="media"}: Table S5). Meanwhile, patients carrying the minor allele of rs7136446 showed a higher PSQI score in females, but not in males (rs7136446 in females: *p* = 0.035, Bonferroni = 0.700) (Additional file [1](#MOESM1){ref-type="media"}: Table S6). To confirm these findings, the interaction analyses between SNPs and sex were performed to elucidate whether the impacts of rs972936 and rs7136446 were significantly different between males and females. However, we found no significant interaction effects of these SNPs with sex on the neuropsychiatric symptoms following mTBI (Additional file [1](#MOESM1){ref-type="media"}: Table S7).

Associations between *IGF-1* variants and multiple neuropsychiatric symptoms {#Sec24}
----------------------------------------------------------------------------

Having multiple neuropsychiatric symptoms would make recovery more difficult for mTBI patients. Therefore, we compared the genotypic distributions between patients with all four neuropsychiatric symptoms (*n* = 18) and patients without any symptoms (*n* = 61). The characteristics are shown in Table [7](#Tab7){ref-type="table"}. The genotypic distributions of both rs7136446 and rs972936 showed a difference between the two groups. The C allele of rs7136446 and the T allele of rs972936 were over-represented in the group with multiple neuropsychiatric symptoms (rs7136446: *p* = 0.005, Bonferroni = 0.025; rs972936: *p* = 0.041, Bonferroni = 0.205) (Table [8](#Tab8){ref-type="table"}). Table 7Basal characteristics of mild traumatic brain injury (mTBI) patients stratified by the presence or absence of multiple neuropsychiatric symptomsCharacteristicsPatients without any neuropsychiatric symptoms^c^Patients with multiple neuropsychiatric symptoms^c^Number of subjects6118Gender: Female, no. (%)39(63.9)16 (88.9)Age (years)^a^37.21 ± 15.0442.22 ± 16.06 Range20\~8320\~75Cause of injury, no. (%) Transportation accidents31 (50.8)8 (44.4) Falls22 (36.1)7 (38.9) Other8 (13.1)3 (16.7)GCS^b^15 \[15\~15\]15 \[15\~15\]GOSE^b^8 \[7\~8\]6 \[6\~7\]BAI^b^2 \[1\~4\]18 \[12\~26.75\]BDI^b^2 \[1\~5\]17.5 \[14.25\~19\]DHI^b^4 \[0\~16\]52 \[38.5\~65.5\]PSQI^b^5 \[4\~6\]11 \[10\~14\]Serum IGF-1 (ng/mL)^a^177.7 ± 83.40147.4 ± 69.87^a^mean ± standard deviation. ^b^median \[interquartile range\]. *GCS* Glasgow Coma Scale, *GOSE* Extended Glasgow Outcome Scale, *BAI* Beck Anxiety Inventory, *BDI* Beck Depression Inventory, *DHI* Dizziness Handicap Inventory, *PSQI* Pittsburgh Sleep Quality Index, *IGF-1* Insulin-like growth factor 1. ^c^Patients without any neuropsychiatric symptoms were indicated by lower scores on all questionnaires (BAI ≤7, BDI ≤9, DHI ≤30, and PSQI ≤8); Patients with multiple neuropsychiatric symptoms were indicated by higher scores on all questionnaires (BAI \> 7, BDI \> 9, DHI \> 30, and PSQI \> 8) Table 8Multiple neuropsychiatric symptoms of mild traumatic brain injury (mTBI) patients stratified by different insulin-like growth factor-1 (*IGF-1*) genotypesSNPGenotypePatients without any neuropsychiatric symptoms (*n* = 61)Patients with multiple neuropsychiatric symptoms (*n* = 18)OR (95% CI)Additive model^a^*p*-valueBonferronirs35767GG27 (44.3)9 (50.0)0.79 (0.36--1.75)0.5571.000GA26 (42.6)7 (38.9)AA8 (13.1)2 (11.1)rs5742612AA29 (47.5)9 (52.9)0.71 (0.31--1.65)0.4201.000AG24 (39.3)7 (41.2)GG8 (13.1)1 (5.9)rs7136446TT40 (65.6)5 (27.8)3.73 (1.42--9.82)0.005\*\*0.025\*TC19 (31.1)11 (61.1)CC2 (3.3)2 (11.1)rs972936CC15 (24.6)1 (5.6)2.58 (1.00--6.67)0.041\*0.205CT37 (60.7)11 (61.1)TT9 (14.8)6 (33.3)rs2072592CC29 (48.3)10 (58.8)0.72 (0.27--1.89)0.4931.000CT28 (46.7)6 (35.3)TT3 (5.0)1 (5.9)^a^Adjusted for sex and age. \*indicates *p* \< 0.05, \*\*indicates *p* \< 0.01. *OR* Odds ratio, *CI* Confidence interval

eQTLs and functional annotation {#Sec25}
-------------------------------

The eQTLs for the two most significant SNPs were accessed from the GTEx Portal. After the multiple testing correction, rs731446 showed an ability to alter the expression of WASH complex subunit 3 (*WASHC3*) in several tissues. rs972936 can alter the expression of poly (ADP-ribose) polymerase 1 (PARP-1) - binding protein (*PARPBP*) and *WASHC3* across different types of tissues (Additional file [1](#MOESM1){ref-type="media"}: Table S8). Results of functional annotations using HaploReg V4.1 and Regulome DB are shown in Additional file [1](#MOESM1){ref-type="media"}: Table S9.

Association between *IGF-1* expression and Alzheimer's disease (AD) after mTBI {#Sec26}
------------------------------------------------------------------------------

We further search the corrections of rs972936 and rs7136446 with *IGF-1* expressions across 13 brain tissue types through GTEx with a *p*-value less than 0.05. As shown in Additional file [1](#MOESM1){ref-type="media"}: Table S10, the risk alleles of both SNPs in the present study showed lower levels of *IGF-1* expression in the hippocampus, an important brain region for learning and memory. We therefore evaluate the effects of hippocampal *IGF-1* expression on AD among individuals with TBI exposure. The RNA-seq data of 107 older brain donors from Aging, Dementia, and TBI Study were retrieved. In total, 53 donors had a history of mild-moderate TBI with loss of consciousness. Of the 53 donors, 14 died with a clinical diagnosis of AD and 26 died with no dementia (Table [9](#Tab9){ref-type="table"}). The levels of *IGF-1* expression were significantly different between the two groups in the hippocampus (*p* = 0.008) and parietal cortex (*p* = 0.019) (Table [10](#Tab10){ref-type="table"}). In the donors without TBI exposure, we find no statistically significant differences of *IGF-1* expression levels between two groups (Additional file [1](#MOESM1){ref-type="media"}: Table S11). Table 9Characteristics of brain donors with a history of traumatic brain injury (TBI) exposure stratified by the presence or absence of Alzheimer's disease (AD) from GEO database (GSE104687)Alzheimer's disease^c^ (*n* = 14)No Dementia^c^ (*n* = 26)Number of subjects1426Gender: Female, no. (%)8 (57.1)7 (26.9)Education (years) ^a^14.14 ± 3.7414.58 ± 3.41Age at death, no. (%) \> 1003 (21.4)1 (3.8) 95--990 (0)7 (26.9) 90--943 (21.4)5 (19.2) 85--894 (28.6)7 (26.9) 80--843 (21.4)2 (7.7) 75--791 (7.1)4 (15.4)Number of TBIs, no. (%) 111 (78.6)20 (76.9) 22 (14.3)5 (19.2) 31 (7.1)1 (3.8)CERAD score ^b^2 \[1\~2.75\]1 \[1\~2\]BRAAK stage ^b^5 \[3.25\~6\]3 \[1.25\~4\]NIA Reagan ^b^2 \[1\~2.75\]1 \[1\~2\]APOE ε4 alleles, no. (%) Yes3 (21.4)4 (15.4) No10 (71.4)21 (80.8) Unknown1 (7.1)1 (3.8)^a^mean ± standard deviation. ^b^median \[interquartile range\]. *CERAD* Consortium to Establish a Registry for Alzheimer's Disease, *NIA* National Institute on Aging, *APOE* Apolipoprotein E. ^c^The diagnosis was based on the DSM IV clinical diagnosis Table 10Association between insulin-like growth factor 1 (*IGF-1*) expression levels and Alzheimer's disease (AD) in brain donors with a history of traumatic brain injury (TBI)Brain regionAlzheimer's diseaseNo Dementia*p*-valueSamplesMeanSDSamplesMeanSDParietal white matter (FWM)130.7020.172200.7220.2270.776Parietal cortex (PCx)130.9690.143191.1200.2030.019\*Temporal cortex (TCx)141.0440.248211.1020.2040.480Hippocampus (HIP)121.1960.206211.4750.3590.008\*\**SD* Standard deviation. \*indicates *p* \< 0.05, \*\*indicates *p* \< 0.01

Discussion {#Sec27}
==========

The IGF-1 signaling pathway is involved in numerous brain diseases \[[@CR38]\]. IGF-1 binding to its receptor (IGF-1R) initiates intracellular signaling that subsequently activates two major pathways: phosphatidyl-inositol 3-kinase/ protein kinase B (PI3K/AKT) and mitogen-activated protein kinase/ extracellular signal-regulated kinase (MAPK/ERK). Activation of these pathways modulates various brain functions, such as glucose utilization, neurogenesis, synaptic plasticity, and angiogenesis \[[@CR18]\]. These functions may then influence primary responses of an individual's brain after being struck by an external force as well as the secondary damage following a brain injury.

In this study, we found that *IGF-1* variants (rs7136446 and rs972936) were associated with the susceptibility and neuropsychiatric symptoms of mTBI. The minor allele of rs7136446 was over-represented in mTBI patients compared to a community-based control population. In addition, patients carrying the minor alleles of these two SNPs showed more dizziness and multiple neuropsychiatric symptoms in the first week after brain injury. These early neuropsychiatric symptoms largely reflect a disturbance of brain functions and could also predict long-term consequences following mTBI \[[@CR10], [@CR39]--[@CR41]\]. Our findings support the idea that *IGF-1* variants are important factors for the pathophysiology of mTBI.

In addition, the minor alleles of rs7136446 and rs972936 showed lower *IGF-1* expressions in the hippocampus. Meanwhile, brain donors diagnosed with AD also showed lower levels of hippocampal *IGF-1* expression than those with no dementia among individuals with TBI exposure. These findings provide additional clues that *IGF-1* variation may not only affects early neuropsychiatric symptoms but also neurodegeneration after brain injury. The regulatory effects of IGF-1 signaling on amyloid-β (Aβ) deposition and tau phosphorylation were reported in previous animal studies \[[@CR42], [@CR43]\]. In addition, hypoxia repressed the activities of IGF-1 signaling in zebrafish embryos \[[@CR44], [@CR45]\]. IGF-1 signaling in human astrocytes displayed the capacity to protect neurons from oxidative stress \[[@CR46]\]. These pathophysiological processes had also been reported as the possible link between TBI and AD \[[@CR47]\].

In the subgroup analyses by gender, the results indicated that rs972936 and rs7136446 may exert more influence on males and females, respectively. However, in the SNPs-sex interaction analyses, we find no significant interaction between each SNP and gender. It seems that gender may not the strong co-regulator participated in the correlations between *IGF-1* variants and early neuropsychiatric symptoms after mTBI. However, previous studies revealed that the effects of *IGF-1* variants on the risk of some cancers were modified by sex or menopausal status \[[@CR48], [@CR49]\]. In addition, the cross-interactions between estrogen and IGF-1 signaling were widely reported in the brain \[[@CR50], [@CR51]\]. The estrogen and IGF-1 co-regulated the PI3K/AKT and MAPK/ERK pathways which stimulate the adult neurogenesis and promote the neuroprotection in the brain regions \[[@CR52]\]. Therefore, even though we didn't find the strong gender-specific effects of SNPs chosen for the present study, the associations between sex hormones, *IGF-1*, and mTBI are worth further investigation.

SNPs rs7136446 and rs972936 have been studied in several human traits and diseases. Huuskonen et al. found that rs7136446 was associated with maximal force production and body composition \[[@CR53]\], while Aberg et al. demonstrated that patients carrying the major allele of rs7136446 showed favorable functional outcomes after ischemic stroke \[[@CR54]\]. In addition, the rs972936 SNP was significantly associated with susceptibility to Alzheimer's disease and Parkinson's disease in a Han Chinese population \[[@CR55], [@CR56]\]. Although both rs7136446 and rs972936 are located in intronic regions of *IGF-1*, these reports provide evidence that the alleles indeed influence human traits and diseases. Functional annotations using bioinformatics databases revealed that rs7136446 and rs972936 can alter the expression level of *WASHC3*, also known as Coiled-coil domain-containing protein 53 (*CCDC53*). Interestingly, a previous animal study showed that *Ccdc53* expression exhibited a maximum negative fold-change (− 2.42) in mTBI induced hippocampal gene expression profiles compared to a sham-operated group \[[@CR57], [@CR58]\]. Moreover, these SNPs are located in a region with known histone modifications, DNAse, and regulatory motifs. Furthermore, evidence from recent studies supports the involvement of epigenetic modulations following brain injury which can further affect the recovery after mTBI \[[@CR59], [@CR60]\]. Taken together, these studies provide tantalizing clues as to the possible mechanisms that could underlie the connection between the identified SNPs and mTBI pathophysiology.

There are several limitations to our study. First, we used 1517 community-based control subjects from the TWB project as our comparison group. Summary statistics of the SNPs were accessed through the Taiwan View website. However, previous injury histories of these subjects were lacking, so we cannot exclude the possibility that some subjects may have experienced an mTBI in the past. Nevertheless, the present findings still offer important information about the effects of *IGF-1* on the risk of mTBI. Well-designed prospective studies that include large sample sizes of both mTBI cases and controls are needed to fully elucidate corrections between *IGF-1* variants and mTBI. Second, we used a candidate gene approach to evaluate the roles of *IGF-1* variants in mTBI outcomes. However, the influence of variants in other unexamined genes cannot be ruled out. Since the pathophysiology of mTBI depends on complex regulation by multiple signaling pathways, a genome-wide approach may yield further insights into genetic variations and prognoses of mTBI.

Conclusions {#Sec28}
===========

In this study, we found associations of *IGF-1* variants with susceptibility and neuropsychiatric outcomes of mTBI, highlighting the important roles of *IGF-1* in the pathophysiology of mTBI. Further studies focusing on the IGF-1 signaling pathway are needed to elucidate the mechanism underlying this association. The role of epigenetic modulations in the risk of mTBI is especially important for further investigation.
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**Additional file 1: Figure S1.** Proportion of subjects developing neuropsychiatric symptoms among mTBI and non-mTBI cohorts during the 1-year follow-up period from the index date. **Table S1.** The allele frequency of single nucleotide polymorphisms (SNPs) in different ethnic groups. **Table S2.** Basal characteristics of patients with mild traumatic brain injury (mTBI) stratified by sex. **Table S3.** Sex-stratified analyses for Beck Anxiety Inventory (BAI) score. **Table S4.** Sex-stratified analyses for Beck Depression Inventory (BDI) score. **Table S5.** Sex-stratified analyses for Dizziness Handicap Inventory (DHI) score. **Table S6.** Sex-stratified analyses for Pittsburgh Sleep Quality Index (PSQI) score. **Table S7.** Single nucleotide polymorphisms (SNPs)-sex interaction analyses for neuropsychiatric symptoms following mild traumatic brain injury (mTBI). **Table S8.** Expression quantitative trail loci (eQTL) results from Genotype-tissue expression (GTEx). **Table S9.** Functional annotation by HaploReg V4.1 and RegulomeDB. **Table S10.** Expression quantitative trait loci (eQTL) results of rs7136446 and rs972936 with insulin-like growth factor 1 *(IGF-1*) expressions in brain tissues from Genotype-tissue expression (GTEx). **Table S11.** Association between insulin-like growth factor 1 (*IGF-1*) expression levels and Alzheimer's disease (AD) in brain donors with no history of traumatic brain injury (TBI).
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